Understanding how root systems modulate shoot system phenotypes is a fundamental question in 31 plant biology and will be useful in developing resilient agricultural crops. Grafting is a common 32 horticultural practice that joins the roots (rootstock) of one plant to the shoot (scion) of another, 33 providing an excellent method for investigating how these two organ systems affect each other. 34 65 66
To examine the contours of grapevine leaf shape more comprehensively, we performed a 151 persistent homology analysis, followed by PCA ( Figure 2 , Table S2 ). For PC1, which explains 152 17.56% of the variation in leaf shape, the primary source of variation described by our 153 measurements is year (3.47%), followed by block (2.90%). However, across many morphometric 154 PCs examined, the rootstock by irrigation interaction describes more variation than any other 155 6 factor assessed. Of the 26 significant relationships (p<0.05) identified for PCs 1 to 20, 12 are for 156 rootstock by irrigation interaction, followed by 5 for year. In contrast, rootstock explains a 157 significant portion of the variation in leaf shape for 4 PCs, while irrigation is a significant factor 158 for 2 PCs. Thus, changes in leaf shape measured using topological, persistent homology 159 approach are most affected by the interaction of rootstock by irrigation, although year and block 160 (which reflects position in the vineyard) are important as well. We used the same linear model approach to estimate which factors described the most variation 170 in the 17 elements we examined for leaf ionomics (Figure 3 , Table S3 ). In addition to the factors 171 considered for leaf morphology, we assessed leaf position along the shoot ('leaf'), a reflection of 172 leaf developmental stage. As a result, our model identifies potential factors contributing to 173 differences in ion concentrations including block, irrigation, irrigation by leaf interaction, leaf, 174 rootstock, rootstock by irrigation interaction, rootstock by leaf interaction, and year as potential 175 factors contributing to ionomic differences. The concentrations of ions in 'Chambourcin' leaves 7 was most affected by leaf position, which explained a significant amount of the variance for 16 177 of the 17 elements we examined, ranging from 7.85% for nickel (Ni) to 60.89% for potassium 178 (K). Over 50% of the variance in Calcium (Ca) can be explained using leaf position, and over 179 36% of the variance in manganese (Mn), aluminium (Al), and rubidium (Rb) can be explained.
180
Rootstock also contributed to a substantial amount of variation in ion profile; it was a significant 181 factor for 13 elements, most notably Ni, where it explained 24.94% of the variation. Lastly, the 182 interaction between rootstock and irrigation was a significant factor for 17 elements, explaining 183 over 30% of the variance for phosphorus (P), strontium (Sr), Rb, and molybdenum (Mo). In 184 comparison, all other factors explained a maximum of 3.75% of the variation for any particular 185 element. Figure 4B ). Across different rootstock treatments, the leaves of 'Chambourcin' grafted to 'SO4' 196 generally had the highest concentration of Ni ( Figure 4C ). We also observed that Mo 197 concentrations tended to increase from own-rooted, to '1103P', to '3309C', to 'SO4'. Within a 198 particular rootstock, vines which had been fully or partially irrigated the previous season tended 199 to have 'Chambourcin' leaves with higher concentrations of Mo than those which had not been 200 irrigated previously ( Figure 4D ). We used all gene expression RPKM values to test for positively enriched VitisNet Pathways by 210 comparing 'Chambourcin' grafted to each individual rootstock with own-rooted 'Chambourcin' 211 vines. Each rootstock has 8 unique enriched pathways. The pathways enriched in '1103P' 212 include circadian rhythm and phenylalanine metabolism. We combined all grafted 213 'Chambourcin' and compared them to own-rooted vines to determine the impact of grafting, 214 identifying 17 enriched pathways in grafted vines. All pathways are listed in Table S4 .
216
Next, we used a regression fit that accounted for replicate, block, and rootstock for each gene 217 significantly expressed in own-rooted 'Chambourcin' vines to determine which genes had 218 differing patterns of expression in 'Chambourcin' scions when grafted ( Figure 5 ). In total, there 219 were 513 genes in own-rooted 'Chambourcin' vines with significant expression. Of these genes, 220 121 were not significantly differentially expressed in any of the rootstock treatments, after 221 accounting for block, which represented both spatial and temporal variation. Comparing grafted 222 vines to own-rooted vines, 5 genes exhibited significantly different expression profiles in all 223 three grafted vines compared to own-rooted vines. The only annotated gene among these five is (Table S5 ; Table S6 ). Pathway enrichment analysis was used to examine these 228 rootstock specific genes. While no major enrichment was observed for the '3309C' and 'SO4' 229 genes, '1103P' vines had a significant number of genes involved in phenylalanine metabolism 230 (4 DEGs, p = 4.84 x 10 -6 ) and auxin biosynthesis (3 DEGs, p =1.74 x10 -5 ) pathways (Table S6 ). Grafting offers an excellent opportunity to understand how roots modulate scion phenotypes 239 through the experimental manipulation of root systems and grafted scions. Our study uses 240 grapevine as a model to quantify the effect of rootstock on leaf shape, ion concentrations, and 241 gene expression in the scion. Results described here demonstrate that genetically distinct root 242 systems interact in unique ways with seasonal water availability to influence shoot system 243 phenotypes in grafted plants. 244 Leaf shape is modulated by the interaction of rootstock and irrigation 245 246
The grapevine genus is well-known for extensive within and among-species variation in leaf 247 shape 19, 20 . Previous work demonstrated that the genetic underpinnings of leaf shape are 248 evolutionarily conserved within species, while developmental constraints and environmental 249 influences such as light, temperature, and water availability affect leaf shape variation among 250 genotypes and within individuals 21-23 . We collected leaves from approximately the same 251 developmental stage (i.e. position on the shoot) from vines of 'Chambourcin' to minimize leaf 252 shape differences due to position along the vine (i.e., heteroblasty 24 ).
254
We measured leaf shape using two approaches: shape descriptors, a common digital 255 morphometric technique that captures simple shape differences, and persistent homology, a 256 comprehensive morphometric technique, which allowed us to detect complex and subtle 257 variation in shape. We observe interannual variation in leaf shape using both shape descriptors 258 and persistent homology. Of the two methods, shape descriptors capture variation across years, 259 but generally do not vary due to rootstock by irrigation effects. For example, approximately 1% 260 of variation in the solidity measurement was significantly explained by rootstock by irrigation, 261 while the same interaction effect was a significant factor for 12 of the 20 morphometric PCs 262 examined, explaining up to 7.53% of the variation for a particular PC. This reflects the ability of 263 digital morphometric techniques to detect subtle, significant statistical effects on leaf shape in a 264 targeted way: unlike the persistent homology approach, statistical differences in solidity 265 correspond to serration and lobing, suggesting these features vary across years.
267
In contrast, persistent homology was able to detect a significant portion of morphological 268 variation in leaf shape due to position in the vineyard or block. Persistent homology uses a 269 comprehensive method for quantifying shape, and likely picks up on intricate leaf shape 270 differences that traditional methods miss. With this method, we were able to demonstrate that the 271 rootstock interacting with irrigation effect shifts the shape of 'Chambourcin' leaves in 272 comprehensive, detectable ways. Recent work in apple described a heritable basis for leaf shape, irrigation and rootstock by irrigation did not have a significant effect on leaf morphology, the 287 rootstock by irrigation by time interaction was significant for all leaf shape measurements 288 assessed 27 . In addition, recent work evaluating the leaves of 'Italia' grapes grown own-rooted 289 and grafted to 2 rootstocks under 2 irrigation conditions, found that leaf area was significantly 290 affected by rootstock by irrigation interaction 28 . Thus, it is clear that the influence of rootstock 291 on leaf shape is a complicated relationship that is at least partially influenced by other factors 292 including irrigation. Pairing these data with physiology and ionomics may help identify more 293 precisely the effect of rootstock by irrigation on leaf shape in future studies. The interaction between root system and elemental composition in grapevine shoot systems has 298 been an area of great research interest in viticulture 9,29 . The grapevine industry places enormous 299 importance on terroir, the physical environment in which a grapevine is grown, to determine the 300 sensory experience and economic value of wine 30 . Indeed, research shows that available soil 301 nutrients can be transported and stored in different plant tissues 31 and that rootstock can affect 302 different ion uptake 32 . The ability of the rootstock to impact ion uptake in grapevine is of 303 particular note because such differences can have a pronounced effect on wine quality. Soil 304 elements such as Mg, Mn, and Mo are present in berries throughout wine production (i.e., 305 harvest to bottling), depending on the concentration of these elements in a given geographic 306 region 30 . Our study builds upon a body of literature that demonstrates rootstock selection 307 modulates the movement and concentration of elements in scion tissues 9,33 .
309
In our work, the position of the leaf on the shoot (the developmental stage of the leaf) explains While the primary source of variation in ion concentrations was leaf position, a significant 320 amount of variation was explained by the interaction between rootstock and irrigation for all 17 321 elements, while rootstock explained a significant amount of variation for 13 elements. Either we did not detect a similar pattern in the leaves of 'Chambourcin' scions, we found that vines 326 grafted to 'SO4' had higher concentrations of Ni than vines grown own-rooted or grafted to 327 '3309C' or '1103P'. Across the United States, Ni is highest in serpentine soil areas of 328 California 37 . Serpentine soil increases Ni accumulation in grapevine roots, with previous work 329 also finding a significant positive correlation between Ni in the soil and leaves. However, the 330 transfer of Ni from grapevine roots to grapes was low 38 . While further testing in serpentine soil is 331 still required, our work provides evidence that 'SO4' may not be an optimal rootstock choice for 332 high Ni soils, since excess Ni may cause toxicity limiting crop production 39 .
334
In contrast to leaf position, rootstock, and the interaction of rootstock and irrigation, we 335 generally do not see a significant effect of irrigation on ion concentrations. However, our 336 samples were collected prior to the start of irrigation treatments in 2014 and 2016, and thus, any 337 response to irrigation would be due to historical conditions and chronic stress, rather than 338 current, acute stress. Future work sampling throughout the growing season, both before and after 339 the initiation of irrigation treatments, will be required to assess how historical and current water 340 conditions influence ion concentrations.
342
Beyond assessing variation in each element independently, previous work has demonstrated that 343 elements interact with each other 40 . Consequently, it is not surprising that we find so many 344 elements influenced by the same factor . In fact, leaf position, rootstock, and rootstock by 345 irrigation interaction each explain a significant amount of variation in at least 13 of the 17 346 elements, and this broad effect may indicate interaction between elements. It is clear that the root 347 system, the environment -including irrigation and position within the shoot -and the interaction 348 between the two are critical in determining ion concentrations, and a further understanding of 349 these complex relationships is still necessary. In our study, we assessed the influence of root systems on gene expression in shoot systems by 362 contrasting gene expression in 'Chambourcin' grafted to three different rootstocks relative to distances between roots and shoots, it is perhaps not a surprising result. Only five genes were 369 consistent in their patterns of differential expression across all rootstocks when compared to 370 own-rooted vines, indicating that there are rootstock-specific effects on scion gene expression.
350

Rootstocks alter scion gene expression
372
We also examined the influence of grafting to different rootstocks on specific pathways using 373 two methods: first, by using all expressed genes to assess pathway enrichment, and second, by Among the 96 genes with expression patterns that differed only between '1103P' and own-384 rooted vines, both pathway analyses revealed an enrichment of those involved in phenylalanine 385 metabolism, while only the analysis of DEGs showed enrichment for auxin biosynthesis. here. Ultimately, we find that the graft-transmissible effects on a common scion are rootstock-394 specific. Further, our work also indicates that time of sampling may play a significant role in 395 rootstock effects, and further work is needed to explore this complex interaction. Our work provides an initial description of the subtle and complex effect of grafting on leaf 398 morphology, ionomics and gene expression in grapevine scions. We find that specific rootstocks 399 have a distinct effect on many of the phenotypes, often interacting with the environment due to 400 previous water availability. Leaf position in the shoot and block position in the vineyard, also 401 strongly influenced phenotypic variation. Further work across multiple years and environments is 402 required in order to determine how the relationship between the rootstock and the scion can best 403 be leveraged for adapting grapevines to a changing climate. To comprehensively measure leaf shape, we used a persistent homology approach, a type of 441 Topological Data Analysis (TDA), to capture the outline of the leaf 52 . Each leaf was considered 442 as a point cloud in which each pixel is a point ( Figure 6A) . A Gaussian density estimator was 443 applied to each pixel reflecting the density of neighboring pixels ( Figure 6B ). In the context of 444 leaf shape, pixels in serrations or lobes tend to have more neighbors than pixels that lie on shape. The number of connected components are monitored. As the filtration function is passed 452 through (red-to-blue in Figure 6G ), connected components will arise or merge with each other. Table S1 . Results for all factors explaining a significant portion of the variance for simple leaf 600 shape descriptors consisting of aspect ratio, circularity, roundness and solidity. For each 601 descriptor, the percent variance explained by the factor and the p-value are reported. 602 603 20 Table S2 . Results for all factors explaining a significant portion of the variance for 604 morphometric PC1 to 20. For each significant factor for a PC, the p-value, percent variance 605 explained by the factor, and percent variance captured by the PC are all reported. 606 607 Table S3 . Results for all factors explaining a significant portion of the variance for each element.
608
For each significant factor for an element, the p-value and percent variance explained by the 609 factor are reported. 610 611 Table S4 . VitisNet Pathways that were uniquely positively enriched in a rootstock, or positively 612 enriched in common for all three rootstocks, relative to own-rooted vines. A false discovery rate 613 of 0.25 and nominal p-value of 0.05 were used to identify positive enrichment in each rootstock 614 treatment.
615 616 Table S5 . All genes which were significantly expressed in own-rooted vines were compared to 617 genes in vines grafted to each rootstock to determine which ones were significantly differentially Table S6 . Genes found to be significantly differentially expressed in vines grafted to only one 622
